Vacuum dewatering method has been widely used in geotechnical engineering. However, there is little research on the groundwater level distribution under the effect of vacuum pressure which is generated by vacuum wells. In view of this, the groundwater level distribution in phreatic aquifer is analyzed. First, the vacuum pressure distribution in soil is analyzed through Darcy's law and steady-state seepage control equation based on established particles and pores model. Second, the boundary conditions are modified by the vacuum pressure distribution law and then the water level distribution equations in flow boundary and waterhead boundary conditions are derived. Finally, dewatering experiment is carried out to analyze the water levels in vacuum and nonvacuum dewatering and verify the theoretical model of water level distribution in vacuum dewatering. The results show that, in both boundary conditions, the water levels in vacuum dewatering are lower than those in nonvacuum dewatering. The theoretical values agree with the experimental values well, which proves the rationality of theoretical equations and predicting the water levels in vacuum dewatering method.
Introduction
Groundwater has brought great difficulties and risks to underground engineering, especially in fractured aquifer [1] [2] [3] [4] [5] . Engineering accidents occur frequently due to improper groundwater treatment. Therefore, effective groundwater treatment is an important subject of engineering safety. Among groundwater control methods, dewatering has been widely used in slope treatment and large underground engineering. Nowadays, dewatering method mainly includes large diameter well, radial well, electroosmosis well, light well point, and vacuum tube well. Peila et al. [6] and Bianco and Bruce [7] discussed the use of large diameter wells in landslide stabilization. Large diameter (up to 2 m) wells are drilled vertically and each well is connected to its neighbour by a horizontal drill hole. Thus, all water attracted and intercepted by these large drainage columns is transmitted by gravity to a convenient draw off point. This system has been used to depths of over 50 m [7] . A radial well includes the main well and horizontal wells. The main well is drilled vertically, which is connected to several horizontal wells. Then, the water seeps into the main well through the horizontal wells. Huang et al. [8] analyzed the solution of transient drawdown for constant-flux pumping at a partially penetrating well in a radial two-zone confined aquifer and Dimkic et al. [9] discussed the simulation method of the radial wells. The radial wells enlarge the dewatering zone and enhance drainage ability. The electroosmosis wells are usually used in clay soil. In electroosmosis dewatering method, the voltage causes the negatively charged soil particles to move towards the anode, while the positively charged pore water is concentrated towards the cathode. Zheng et al. [10] presented the relationship between soil properties and electroosmosis reinforcement mechanics, which is caused by water drainage. However, light well point method has shown better effects in treating complex situation such as water in weakly permeable layer, which has been widely used in foundation pit engineering and foundation treatment. Some scholars have carried out experimental and in situ detection study on the light well point [11] [12] [13] to learn the transmission law of vacuum pressure and seepage law of pore water [14] [15] [16] [17] [18] [19] [20] . Light well point method works as a vacuum pump pumping out the air in the well, the horizontal tube, and storage tank to form a negative pressure area in the soil. Meanwhile, the groundwater outside of the piping system is subject to atmospheric pressure and flows from the high pressure zone to the low pressure zone to maintain the equilibrium state. Groundwater is then pressed into the well and pumped away, which makes the water level drop. The diagram on light well point is shown in Figure 1 . However, light well point works only on a shallow depth and small scale, which makes it not suitable for subway tunnel project with deep depth and large water flow. Therefore, tube well with large diameter combined with vacuum technique which is named vacuum tube dewatering method has been developed [21] . The diagram on vacuum tube well is shown in Figure 2 .
Although the vacuum dewatering method has been widely used, its theoretical research is seriously inadequate. In particular, the groundwater level of vacuum dewatering is lack of research, which leads to the lack of theoretical basis for dewatering design. Nowadays, there is no theoretical equation to describe the water levels after vacuum dewatering, which leads to the vacuum dewatering wells that are designed according to the codes of nonvacuum wells and experiences in practice. The current methods make the predicted water levels after dewatering much higher than those in real situation because the effect of vacuum has not been considered. Therefore, this paper conducts theoretical and experimental research on the water level distribution under vacuum dewatering conditions and related laws, which aims at providing theoretical reference for the application of vacuum dewatering.
Vacuum Pressure Distribution in Soil and Waterhead of Vacuum Dewatering
In order to analyze the distribution of groundwater level under the effect of vacuum pressure, the distribution of vacuum pressure in soil should be studied firstly. It is known that, in practical engineering, the vacuum pumps always work for a long time. Therefore, it can be assumed that the air in the soil is in a state of steady seepage when it moves to the vacuum well and it follows Darcy's law because of the low velocity. The model of soil particles and pores at a certain section, , is shown in Figure 3 . In Figure 3 , represents the area of one side of cubic particle model and is the side length of the model. represents the area of one side of pore model while is the distance of the adjacent particles.
The porosity ratio can be derived from the model as follows:
The ratio of the cross-sectional area is
According to (1) and (2), = . Therefore, the porosity ratio of soil can be used to represent the porosity ratio at a Geofluids 3 section. The velocity of the air passing through a section of soil can be expressed as
According to Darcy's law,
Suppose (1/ )( /2 ℎ ) = .
For a single layer of homogeneous porous media, the steady-state seepage control equation can be expressed as
Equation (5) can be worked out as
In order to solve (6) , the boundary conditions are set to be
where is the distance from the vacuum well, is the air pressure at , and the pressure of the vacuum well with a radius of is . Then
In the end, the air pressure in the distance of from the vacuum well is worked out as in the following equation:
It is known that the 101 kPa air pressure (atmospheric pressure) can support waterhead of about 10.3 m [22] , so the vacuum-induced head reduction Δℎ can be derived from the relation between atmospheric pressure and waterhead:
According to the Dupuit equation, the water level at the distance from the dewatering well is
where ℎ phreatic is the waterhead within the influence radius of dewatering in phreatic water layer; ℎ is the water level in the well; 0 is the aquifer thickness; is the distance between the measuring point and the center of the dewatering well; is the influence radius of the dewatering. In practice, the thickness of aquifer is uneven and generally thin. Therefore, it is assumed that the influence distance of the vacuum air pressure is longer than that of the dewatering. Then the waterhead under the effect of vacuum can be obtained when < :
Then the hydraulic gradient can be derived as
According to the flow formula,
where is the volume of water, ℎ is the water level, and is the permeability coefficient. Substituting (12) to in (14) , the value of under the vacuum effect will be
where ℎ vac is the water level under the effect of vacuum pressure.
At the same distance , the value of without vacuum is
where
The Distribution of Water Level in Flow Boundary Conditions.
When the flow at the boundary is the same, which means vac = , the amount of pumped water in vacuum dewatering is the same as that in nonvacuum dewatering. The relationship of water level in vacuum and nonvacuum dewatering method is shown in the following equation:
Then the water level of vacuum dewatering method is
The Distribution of Water Level in Waterhead Boundary
Conditions. It is assumed that the waterhead is constant at the boundary. Because the influence radius of the vacuum pressure is greater than the influence radius of dewatering ( > ), the water level in vacuum dewatering is worked out as follows:
When is equal to , = 0 . At the same time, it is found that when ℎ phreatic-vac = 0 , = . It can be seen that the influence radius of vacuum dewatering is the same as the influence radius of vacuum pressure. According to the Dupuit formula, the distribution of phreatic water level is determined by the boundary water level. So the boundary conditions are = , ℎ = ℎ ; = , ℎ = 0 . The distribution of phreatic water level can be obtained by substituting boundary conditions into the Dupuit formula:
The Laboratory Experiment of Dewatering
It is concluded from theoretical analysis that the distribution of groundwater level will be affected by vacuum pressure, aquifer thickness, and other factors. In order to verify the theoretical formulas of groundwater level distribution of vacuum dewatering, the laboratory experiments of dewatering were carried out.
Experimental Equipment.
The experimental system in ⌈ cludes model box, monitoring system, and vacuum generating system. The experimental system is shown in Figures 4 and 5.
Model Box.
The model box is made of stainless steel. In order to make the model experiment close to the real vacuum dewatering, the upper and lower bottom surfaces of the box body are trapezoidal, and the model box is 100 cm in height and 200 cm in length. The width of pumping side is 5 cm and 20 cm in the water boundary side. The permeable steel plate is placed at the water boundary side to form a sink. At the end of the box, there are 4 waterhead control devices distributed at the height of 10 cm, 30 cm, 50 cm, and 70 cm, respectively. The nonwoven fabric is stuck to the permeable plate to prevent excessive soil particles from entering the sink and affecting the control of the hydraulic boundary conditions.
Monitoring
System. The monitoring system includes water level and vacuum pressure monitor points. The water level monitoring pipes with the inner diameter of 8 mm are connected to the holes at the bottom of the box. The other ends are fixed on the board next to the model box. The lower edge of the board is 30 cm from the ground. During the experiment, the influence range of vacuum was measured first at the vacuum monitoring points. The vacuum pressure gauges were placed at the corresponding points where the water level would be measured later. When the dewatering experiments started, the vacuum pressure gauges were removed and the soil surface was sealed by bentonite slurry.
Vacuum Generating
System. The vacuum generating system consists of vacuum producing equipment and vacuum dewatering well. The dewatering well was made of PVC tube with inner diameter of 5 cm. The PVC tube was drilled with permeable holes with diameter of 5 mm. The permeable section of the well was 85 cm in height and was wrapped with 100 mesh nonwoven fabrics outside to prevent excessive fine particles entering the well. There was a sealing cover on the top of the well to keep the vacuum pressure in the well. The pumping pipe went through the sealing cover and the end of it was set to the needful depth.
The vacuum negative pressure was generated by an air compressor combined with a fluidic element. The vacuum pressure can be produced at different pressures by changing the pressure of air compressor.
Experimental Results and Discussion

Vacuum Pressure.
In order to find out the influence range of the vacuum pressure, the distribution of vacuum pressure was measured firstly. The distribution of vacuum pressure is shown in Table 1 and Figure 6 .
It is shown in Figure 6 that the influence distance of vacuum pressure was about 1.55 m when the vacuum pressure of dewatering well was about 2 kPa. 
Water Level of Vacuum Dewatering and Nonvacuum
Dewatering in Constant Flow Boundary Condition. The constant flow boundary condition was that the flow at the boundary remains the same. The specific parameters in the experiment are shown in Table 2 . At first, the waterhead on the injection side was kept at 0.7 m. And then, the injection flow was set to 79 ml/min when pumping started. After the water level became stable, the water levels at each monitor point were recorded in both vacuum dewatering and nonvacuum dewatering tests. Table 3 and Figure 7 present the water levels in theoretical calculation and experiment.
It is shown in Figure 7 that the experimental values of groundwater level were consistent with the variation trend of theoretical values. The theoretical and experimental water levels in both dewatering methods changed rapidly near the dewatering well and much slower in further distance. At the same time, the water level of vacuum dewatering method is lower than that of nonvacuum dewatering method at the same distance, because a negative pressure zone was formed near the vacuum well and the hydraulic gradient has been increased. Due to the constant flow boundary condition, much more water could be drained off in vacuum dewatering than in nonvacuum dewatering method at the same time, which led to the lower water level in vacuum dewatering.
Therefore, it can be concluded that, under the constant flow boundary condition, the water level of vacuum dewatering is lower than the nonvacuum dewatering and the dewatering effect of vacuum dewatering is much better.
Dewatering in Constant Waterhead Condition. The constant waterhead boundary condition was assumed that the waterhead at the boundary remained stable, which meant there was sufficient supply of water for the dewatering well. The parameters of soil and devices were the same as those in the constant flow boundary condition. Before starting the nonvacuum dewatering experiment, several conditions should be prepared. Firstly, saturate the soil in the model box and keep the water level at 0.7 m at the boundary sink. Secondly, the end of pump pipe in the well was laid at 0.55 m height from the bottom of the well. Thirdly, the water was drained off from the well and injected to the sink to keep the water level stay at 0.55 m in the well and 0.7 m at the sink. In order to ensure these conditions, the water pumping capacity should be much greater than the water supply at the boundary. Finally, the water level values at each monitoring point were recorded after the water level became stable.
After finishing the nonvacuum dewatering experiment, the vacuum dewatering experiment was carried on by sealing the top of the well with other procedures as same as nonvacuum dewatering. Table 4 and Figure 8 present the water levels in theoretical calculation and experiment.
It can be seen from Figure 8 that the theoretical values in vacuum dewatering and nonvacuum dewatering are larger than experimental values, but the variation trend of all curves in Figure 8 is almost the same. As in constant flow boundary condition, the water level in nonvacuum dewatering is lower than in nonvacuum dewatering method. However, the water level difference between vacuum dewatering and nonvacuum dewatering is smaller than that in constant flow boundary condition, because the boundary flow was fully supplied to keep the constant waterhead condition.
Conclusion
(1) The soil model including particles and pores was established and the vacuum pressure distribution was derived based on Darcy's law and steady-state seepage control equation.
(2) The boundary conditions of the seepage field were modified according to the vacuum pressure distribution law. Then the water level distribution of vacuum dewatering in constant flow boundary condition and constant waterhead condition was derived. In both boundary conditions, the water levels in vacuum dewatering were lower than in nonvacuum dewatering, which showed the effectiveness of vacuum dewatering method.
(3) An indoor experiment has been carried out in order to analyze the water level distribution law in both dewatering methods and verify the theoretical model. As is shown in the experiment results, the theoretical values are consistent with the experimental values, which proves the rationality of theoretical equations and predicting the water levels in vacuum dewatering method. At the same time, the differences of water levels in waterhead boundary condition are smaller than those in constant flow boundary condition. The derived theoretical model, which can be used for the reference of vacuum dewatering design, is suitable to predict the groundwater level distribution in vacuum dewatering according to the theoretical analysis and experiment.
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